PURPOSE. To assess corneal hydration control across a range of severity of Fuchs' endothelial corneal dystrophy (FECD) by measuring the percent recovery per hour (PRPH) of central corneal thickness after swelling the cornea and to determine its association with corneal morphologic parameters.
F uchs' endothelial corneal dystrophy (FECD) is characterized by the presence of endothelial guttae and corneal edema from progressive endothelial dysfunction. 1 Fuchs' endothelial corneal dystrophy has traditionally been considered to have nonedematous and edematous stages, 2 and this is still reflected in current clinical grading scales that assess progressive morphologic changes in guttae and the presence of clinically detectable edema only at the most advanced grade. 3, 4 Nevertheless, studies of large cohorts of patients with FECD disclose that corneas are thicker than normal early in the course of the disease, 5, 6 presumably from subclinical edema, which suggests that corneal endothelial function, whether pump or barrier or both, is compromised early in the course of the disease. This chronic state of edema may contribute to early optical and ultrastructural changes in FECD. 7, 8 Corneal hydration control can be assessed by measuring the percent recovery per hour (PRPH) of corneal thickness after inducing corneal swelling, and barrier function of the endothelium to small molecules can be assessed by fluorophotometry. [9] [10] [11] [12] Hypoxia causes corneal lactate accumulation, which produces an osmotic load leading to swelling; removal of lactate is therefore inherent to endothelial pump function and the PRPH measurement. 13 Assuming an intact epithelium, PRPH may serve as a valid measure of overall endothelial function. 11 Percent recovery per hour has been previously measured in FECD or after endothelial keratoplasty, [14] [15] [16] but disease severity was not characterized well by using recognized clinical grading systems, preventing a clear understanding of changes in hydration control with severity of the disease. In this study, we examined corneal hydration control expressed as PRPH after purposefully swelling the cornea across a range of severity of FECD and in normal corneas. Because this direct measurement of overall endothelial function is time-consuming and not practical in clinical settings, we also measured morphologic parameters of the same corneas at steady-state to assess their association with corneal hydration control. A simple noninvasive and objective measure of the cornea that reflects endothelial function would be ideal in clinical practice to evaluate the functional severity of the disease.
METHODS Participants
Participants of either sex and any race were recruited from the cornea service at Mayo Clinic (Rochester, MN, USA). All participants had FECD or were healthy volunteers older than 50 years. Exclusion criteria were ocular pathology except FECD (in the FECD group only) or cataract, any previous ocular surgery, current contact lens wear, administration of systemic or topical medications known to affect the cornea, or systemic iovs.arvojournals.org j ISSN: 1552-5783 diseases that could affect the cornea including diabetes. This study was reviewed and approved by the Institutional Review Board at Mayo Clinic; the research followed the tenets of the Declaration of Helsinki. Informed consent was obtained from the subjects after explanation of the nature and possible consequences of the study.
Clinical Grading and Corneal Imaging at SteadyState
Enrollment visits were scheduled on an afternoon when corneas were assumed to be at steady-state. Fuchs' endothelial corneal dystrophy was graded clinically by a trained observer (KW, KHB, or SVP) based on the area and confluence of guttae, and the presence of edema by using slit-lamp biomicroscopy. 3, 4 Corneas without guttae were categorized as normal (grade 0). Corneas with 1 to 12 or 12 or more nonconfluent central guttae (grades 1 and 2) were considered to have mild FECD; corneas with confluent guttae of 1-to 2-mm and 2-to 5-mm diameter (grades 3 and 4) were considered to have moderate FECD; and corneas with more than 5-mm diameter of confluent guttae or any visible edema (grades 5 and 6) were considered to have advanced FECD. 17 The epithelium was intact and without bullae in all participants.
Effective endothelial cell density (ECD e ) was determined by using confocal microscopy (Confoscan 4; Nidek Technologies, Freemont, CA, USA) with a widefield (320) noncontact objective. Images of the endothelium were analyzed by a standardized image-processing method that determined the area of guttae and local endothelial cell density. 18 Central corneal thickness was determined from tomographic images acquired by using a rotating Scheimpflug camera (Pentacam HR; Oculus, Lynnwood, WA, USA) as described previously. 17 Central corneal haze (backscatter) in the anterior 120 lm and posterior 60 lm of the cornea was also determined from Scheimpflug images. 7 All corneal backscatter measurements were standardized by adjusting corneal image brightness to that of a fixed scatter source to account for any fluctuations in the intensity of the light source and sensitivity of the detection system over time. 19, 20 All Scheimpflug images were checked for data acquisition errors (Pentacam software version 1.20r29). Axial resolution of our instrument is 11.8 lm per pixel (range, 11.5-12.4 lm per pixel); because of the software's surface-fitting algorithm, axial resolution should be better than the resolution of one pixel. 17 Others have reported the precision of central corneal thickness to be within 3 to 7 lm 
Inducing Corneal Swelling
Follow-up visits for measurement of corneal hydration control started at approximately 8:00 AM and Scheimpflug images were repeated before any intervention. A low-oxygen transmissible hydrogel contact lens (Polymacon; oxygen permeability, 7.9 3 10 À11 cm 2 /s mL O 2 /mL mm Hg; Westcon Contacts, Duluth, GA, USA) with thickness of 500 lm and diameter of 12 mm was placed on one eye and the eyelid was taped closed. The contact lens base curve was 8.0 mm or 8.2 mm depending on the patient's corneal curvature and clinical assessment of contact lens fit and centration. After 2 hours, the contact lens was removed and Scheimpflug images were immediately acquired. Scheimpflug photography was then repeated every 15 minutes for the next hour and every 30 minutes through 5 hours or until corneal thickness returned to corneal thickness within 5% of the thinner of the measurements at presumed steady-state or immediately before contact lens application (CT ss ). Participants were asked not to close their eyes for prolonged periods after contact lens removal. All measurements were taken in the same air-conditioned and humiditycontrolled environment. 21 
Statistical Analysis
Descriptive summary statistics were reported as mean 6 SD by severity of FECD. Regression models were used to calculate mean differences in steady-state characteristics between FECD groups adjusted for age and multiple comparisons by the Bonferroni method (Table) .
Recovery of corneal thickness was expected to follow an exponential curve 10 :
where CT(t) was corneal thickness at time t after removing the contact lens, CT(0) was corneal thickness immediately after removing the contact lens, and k was a constant. Equation 1 was solved for k by regression for each patient. Percent recovery per hour was determined as follows:
Time to 95% thickness recovery (T95%) was 15
For a global test of association between PRPH and swelling with severity of FECD in regression models, we used a 
RESULTS

Participants
Twenty-three corneas of 23 Caucasian participants with FECD and 8 corneas of 8 Caucasian participants with normal eyes were examined (Table) . Age was 67 6 12 years (mean 6 SD) in the FECD group and 63 6 9 years (P ¼ 0.4) in the control group.
Corneal Hydration Control (PRPH)
Mean corneal swelling for the combined groups was 53 lm (95% CI 48-57) or 9.5% (95% CI 8.7-10.3) compared with CT ss ; swelling for each group is detailed in the Table. Swelling did not differ between FECD and normal corneas (P ¼ 0.3). After solving equation (1) for k, predicted corneal thickness was highly correlated with measured thickness at the same points in time (r ¼ 0.99, P < 0.001), and those values were not different (mean difference, À0.8 lm; 95% CI À1.7-0.1).
Percent recovery per hour was 49%/h (95% CI 41-57) in normal corneas compared with 45%/h (95% CI 37-53; P ¼ 0.5 vs. normal; minimum detectable difference, 13%/h; a ¼ 0.05, b ¼ 0.20) in mild, 37%/h (95% CI 26-49; P ¼ 0.1 vs. normal; minimum detectable difference, 16%/h; a ¼ 0.05, b ¼ 0.20), in moderate, and 37%/h (95% CI 29-43; P ¼ 0.028 vs. normal) in advanced FECD (Fig. 1) . Time to 95% thickness recovery was 4.7 hours (95% CI 2.2-7.1) in normal corneas compared with 5.5 hours (95% CI 3.1-8.0; P ¼ 0.6 vs. normal) in mild, 6.9 hours (95% CI 3.5-10.3; P ¼ 0.3 vs. normal) in moderate, and 7.8 hours (95% CI 5.7-9.9; P ¼ 0.053 vs. normal) in advanced FECD.
Association Between PRPH and Morphologic Parameters
Percent recovery per hour was inversely associated with FECD severity (nonparametric P trend ¼ 0.023; q ¼À0.42; Fig. 1 ) and with ECD e (r ¼ 0.37, P ¼ 0.039). Corneas with ECD e <1000 cells/mm 2 had a lower PRPH (36%/h; 95% CI 30-42) than corneas with ECD e >1000 cells/mm 2 (46%/h; 95% CI 41-52; P ¼ 0.011; Fig. 2 ). Percent recovery per hour was associated with CT ss (r ¼À0.37; P ¼ 0.043). Low PRPH was also associated with higher amounts of induced corneal swelling (r ¼ À0.54, P ¼ 0.002), and with high central anterior and posterior steadystate backscatter (r ¼À0.53, P ¼ 0.002 and r ¼À0.49, P ¼ 0.005, respectively).
In a multivariable analysis, only anterior backscatter (P ¼ 0.012) and corneal swelling (P ¼ 0.009) were independently associated with PRPH; R 2 for the multivariable model was 0.44. Predicted PRPH values for the identified range of anterior steady-state backscatter are provided in Figure 3 based on corneal swelling of 50 lm.
DISCUSSION
Corneal hydration control and thickness recovery after stressinduced corneal edema are reduced in advanced FECD compared with normal corneas. Anterior corneal backscatter, which is known to be increased early in the course of FECD, 7, 8 is associated with overall endothelial function and should be further investigated for its ability to estimate endothelial function in clinical practice.
Ideal control of corneal hydration requires a balance between passive barrier leakage into the cornea and active pump of solute back to the aqueous humor. 9, 22 Alterations in corneal hydration can result from pump or barrier dysfunction and are known to adversely affect stromal transparency. 23 In this study, we found that corneal hydration control was impaired in clinically advanced FECD compared with normal and was associated with a delay in recovery of steady-state corneal thickness in FECD; we were unable to detect a significant difference in mild or moderate disease, although there were similar trends toward decreased PRPH. Percent recovery per hour in normal corneas (49%/h, 95% CI 41-57) was similar to that found in a previous study from our laboratory (48%/h; 95% CI 43-53) in normal, young noncontact-lens wearers. 9 Another study found lower PRPH (34%/h in normal corneas and 25%/h in FECD), 15 and these differences might be due to different experimental conditions and FECD severity. Nielsen et al. 16 found a similar amount of swelling in advanced FECD and normal corneas (approximately 44 lm or 7%); PRPH was not determined, but the percentage of swelling was significantly higher in advanced FECD compared with normal. In our study, we defined severity of FECD according to a morphologic grading scale, 3, 4 which can be easily implemented in clinical practice. Nevertheless, this grading scale is subjective, which leads to interobserver variation, 6 and does not account for the presence of subclinical corneal edema that can be present even when morphologic changes are not sufficiently advanced. 6, 24 We investigated the association between corneal hydration control and various morphologic parameters, including clinical grade and its objective morphological equivalent, ECD e , 18 corneal swelling, and corneal backscatter in an effort to provide the clinician with objective measures beyond the patient's subjective symptoms. Although all of these parameters were associated with PRPH in univariable analyses, only anterior corneal backscatter and induced swelling were associated with PRPH in a multivariable analysis. Notably, clinical grading and ECD e , which are known to be associated, 18 and CT ss , did not improve the prediction of PRPH. Because the range of normal corneal thickness is large, 25 measurements that fall within this range cannot discriminate well between normality and corneal edema, and thus it is not unexpected that corneal thickness did not improve the prediction of PRPH. Corneal thickness is still an important parameter in the evaluation of FECD, especially when measurements are thicker than the normal range, or when a change in corneal thickness can be documented.
Determining PRPH by the method described in this study is time-consuming and not feasible in routine clinical practice. Therefore, one of the goals of this study was to determine if any objective and easily measured variables could be used as a surrogate for corneal hydration control. Anterior corneal backscatter was the only variable that was associated with PRPH and could be measured easily and noninvasively (Fig. 3) . Anterior corneal backscatter in FECD originates from edema and ultrastructural tissue changes in the basal epithelium and anterior stroma. 7, 8, 26 Early improvement in backscatter after restoring endothelial function has been explained by resolution of corneal edema, 27, 28 suggesting that anterior backscatter is a more sensitive indicator of subtle corneal edema than is clinical examination or pachymetry. Corneal backscatter is unrelated to corneal thickness in normal (nonedematous) corneas; by combining the steady-state data in this study with previously published data from our laboratory, 7 there was no association between central corneal thickness and standardized anterior backscatter in 23 normal eyes of subjects aged 50 years or older (r ¼ 0.1, P ¼ 0.6). In contrast, there was a weak association between central thickness and anterior backscatter in FECD (r ¼ 0.3, P ¼ 0.004; n ¼ 88), in which increased thickness can be attributed to corneal edema. Although there was overlap between central corneal thickness in FECD (range, 456-666 lm) and normal (range, 484-594 lm) eyes, anterior 28 Because corneal hydration control reflects both barrier and pump function, permeability measures might improve sensitivity and prediction of true pump function. 9 The main limitation of this study was our inability to estimate activity of the endothelial pump independent from the endothelial barrier. The PRPH provides an estimate of the net activity of both activities and pump function and can be determined only if the barrier function, based on permeability of the endothelium to a small tracer such as fluorescein, is known. 9 Unfortunately, determination of endothelial permeability to fluorescein in FECD is challenging and estimates of the barrier function have differed by a factor of 4 between studies, which led to different conclusions regarding FECD. 29, 30 These variations may be from unreliable measurement of fluorescein concentration in the stroma because of increased scattered light in these corneas. 7 Also, estimates of corneal volume from central corneal thickness may be unreliable because of the abnormal thickness profile in FECD, 17 although our thickness measurements based on the entire cornea profile measured by the Scheimpflug camera were likely more representative of the cornea than thickness measured at the center by ultrasonic pachymetry. For this study, we also assumed that the difference in recovery of induced edema was solely attributed to overall endothelial function 11 and not influenced by evaporation from the anterior corneal surface. The epithelium is considerably less permeable than the endothelium, and would likely not influence this measurement significantly. Also, the epithelium of all participants remained intact during the study and the environmental conditions were controlled, minimizing potential variations in any evaporative component. The small sample size of the moderate FECD group may have limited our ability to detect a difference in PRPH from normal.
In summary, we found that corneal hydration control became impaired in advanced stages of FECD (based on morphologic grading), and that anterior corneal backscatter could provide an imperfect but notable estimate of endothelial function. Although morphologic grading is quick and simple in clinical practice, it was more helpful when penetrating keratoplasty was the procedure of choice for FECD because most surgeons waited for clinically detectable edema to be present before offering a transplant. With distinct advantages of endothelial over penetrating keratoplasty, and with knowledge that subclinical edema is present earlier in FECD, the threshold to offer a transplant has decreased. However, a simple method of estimating corneal endothelial function in these cases, in which classic biomicroscopy and pachymetric findings are not discriminatory, could help in deciding whether patients will benefit from intervention. Similarly, a simple estimate of endothelial function could be a prognostic indicator of the outcome of intraocular surgery in the setting of a compromised endothelium. Further investigation of anterior backscatter as a surrogate for endothelial function is worthwhile to better understand its role in clinical practice.
